Electronic Version 
Stylesheet Version vl.1.1 



Description 



STRUCTURE AND METHOD OF 
PATTERNING A MAGNETIC TUNNEL 
JUNCTION STACK FOR A 
MAGNETO-RESISTIVE RANDOM ACCESS 

MEMORY 

Background of Invention 

[0001] The invention relates to microelectronic devices, and more 
particularly to a magnetic tunnel junction and method for 
patterning the same. 

[0002] | n a magneto-resistive random access memory (MRAM), 
information is stored in arrays of magnetic storage ele- 
ments known as magnetic tunnel junctions (MTJs). One of 
the advantages of MRAM is the capability of the MTJ stor- 
age array to be placed in a level above the surface of a 
semiconductor substrate. In that way, the surface area of 
the semiconductor substrate is conserved for use by rela- 
tively few transistors used to control the MTJ array. In ad- 



dition, the available substrate surface area does not con- 
strain the density of the MRAM to the same extent as in 
other types of memory. MRAM technology potentially of- 
fers great benefits to the integration of processors and 
other system elements on a single integrated circuit (IC or 
"chip"), commonly referred to as "systems on a chip" 
(SOCs). The placement of the MTJ array in a layer above 
the semiconductor substrate surface increases the flexi- 
bility for fabricating the MRAM cell control transistors in 
the substrate. With such flexibility, MRAM cell control 
transistors can be fabricated using most, if not all of the 
same process steps as transistors used in logic circuitry, 
e.g. a microprocessor, of such chip. 
[0003] Another advantage of MRAM compared to dynamic ran- 
dom access memory (DRAM) and static random access 
memory (SRAM), is that the stored information is non- 
volatile. In an MRAM, information is stored according to 
the orientation of magnetic dipoles within an MTJ storage 
element of each MRAM cell. The magnetic dipoles are re- 
orientable by application of a magnetic field to program 
the MTJ, that is, to write information to the MTJ. Once the 
MTJ is programmed by the magnetic field, the MTJ re- 
mains in either a first state or a second state until repro- 



grammed by a different magnetic field, even if power is 
removed from the MTJ in the meantime. An advantage of 
MRAM compared to other non-volatile rewriteable mem- 
ory such as flash memory, is that the MTJ has longer life. 
Current technology suggests that MTJs are repro- 
grammable many billions of cycles. Flash memory, which 
utilizes thin dielectrics and is reprogrammed by applying 
relatively high voltage (10 V to 15 V) and current, typically 
fails within one million cycles. 
[0004] a magnetic tunnel junction memory element includes a 

structure having ferromagnetic layers separated by a non- 
magnetic tunnel barrier. Digital information is stored and 
represented in the memory element as directions of mag- 
netization vectors in the ferromagnetic layers. More 
specifically, the magnetic moment of one magnetic layer 
is fixed. Such layer is called the "pinned" or "reference" 
layer. The magnetic moment of the other magnetic layer 
may be switched to be either parallel or antiparallel to the 
pinned layer. This layer is called the "free" or "soft" layer. 
When the orientations in the pinned layer and the free 
layer are parallel, the MTJ is in a first state having a first 
electrical resistance. On the other hand, when the orienta- 
tions in the pinned layer and the free layer are antiparallel, 



the MTJ is in a second state, in which its electrical resis- 
tance is significantly higher than in the first state. In gen- 
eral, the device state is determined by the orientation of 
the magnetic films in closest proximity to the tunnel bar- 
rier, even if the pinned and free layers are themselves 
comprised of multiple layers of materials. Such composite 
pinned and free layers are common, as they can enhance 
device operation and lifetime. 
[0005] The patterning of the MTJ device is one of the most chal- 
lenging aspects of fabrication. Conventional techniques 
used to pattern other structures of a chip, such as reactive 
ion etching (RIE) or ion milling, have been less than satis- 
factory when applied to the materials that compose mag- 
netic stacks. In most cases utilizing such techniques, it is 
extremely difficult to cleanly remove etched material. 
Physical sputtering, often the dominant component of 
magnetic material RIE, usually results in the formation of 
re-deposited residues (called "fences" or "veils") that can 
short circuit the junctions of the MTJ, as well as short cir- 
cuit conductive patterns in different metal layers. Short 
circuiting may occur either immediately as a result of such 
fence residues, or after subsequent high temperature pro- 
cessing. 



[0006] Another problem of conventional etch techniques is cor- 
rosion and degradation of the patterned free and pinned 
layers that form the MTJ, due to chemical residue remain- 
ing after etching. Exposure to reactive gases during depo- 
sition of dielectrics such as silicon nitride and silicon 
dioxide after the etching of the MTJ can also cause corro- 
sion and degradation. For example, fluorine and/or chlo- 
rine species may be present when plasma-etching a stack 
of magnetic films. Chlorine and fluorine species can com- 
bine with conductive and photoresist material removed in 
the process to deposit a conductive residue along side- 
walls of the stack. When subjected to high temperatures, 
the residue can migrate and cause corrosion, degradation 
and electrical shorting. 

[0007] one way proposed for handling these problems is devel- 
opment of a process having better selective etch control 
to minimize exposure of sensitive interfaces to corrosive 
chemicals and conductive fences. Such etch process 
should have high selectivity, in order for etching to stop 
when the thin tunnel barrier layer of a magnetic film stack 
is reached. Such etch process is known as stop on alumina 
(SOA), named historically because many of the MTJ tunnel 
barriers are formed from alumina-type compounds. How- 



ever, the tight process control and high selectivity re- 
quired to maintain an acceptably controlled etch process 
across an entire wafer is difficult to achieve. Moreover, the 
SOA process does not necessarily protect the free layer 
from harmful corrosion and degradation. 
[0008] Accordingly, it is desirable to provide an improved struc- 
ture and method for patterning magnetic tunnel junctions 
of an MRAM. 
Summary of Invention 

[0009] According to an aspect of the invention, a method of pat- 
terning a magnetic tunnel junction (MTJ) stack is provided. 
According to such method, an MTJ stack is formed having 
a free layer, a pinned layer and a tunnel barrier layer dis- 
posed between the free layer and the pinned layer. A first 
area of the MTJ stack is masked while the free layer of the 
MTJ is exposed in a second area. The free layer is then 
rendered electrically and magnetically inactive in the sec- 
ond area. 

[0010] According to another aspect of the invention, a method is 
provided for patterning an MTJ stack of a magneto-resis- 
tive random access memory (MRAM). Such method in- 
cludes forming an interlevel dielectric layer (ILD) over a 
substrate, the ILD including a plurality of conductive lines 



and vias. An MTJ stack is then formed overlying the ILD, 
the MTJ stack including a pinned layer, a tunnel barrier 
layer overlying the pinned layer, and a free layer overlying 
the tunnel barrier layer. A portion of the MTJ stack is 
masked to expose an area of the free layer. The exposed 
area is then converted to a non-magnetic compound by 
altering its composition. 
[001 1] According to yet another aspect of the invention, a struc- 
ture including a magnetic tunnel junction (MTJ) is pro- 
vided. Such structure includes an MTJ stack having a first 
portion of a pinned layer, a first portion of a tunnel barrier 
layer overlying the first portion of the pinned layer, and a 
free layer overlying the first portion of the tunnel barrier 
layer. The structure further includes a layered stack abut- 
ting one or more peripheral edges of the MTJ stack, the 
layered stack including a second portion of the pinned 
layer, a second portion of the tunnel barrier layer, and an 
electrically and magnetically inactive compound of a ma- 
terial included in the free layer. 
Brief Description of Drawings 

[0012] Figures 1 through 4 are cross sectional views illustrating 
stages in the fabrication of a magnetic tunnel junction 
(MTJ) according to an embodiment of the invention. 



[0013] Figure 5 is a graph illustrating the Kerr signal returned 
from a ferromagnetic material layer, after processing the 
layer with oxygen ions at selected acceleration voltages. 
Detailed Description 

[0014] Figure 1 is a cross-sectional view illustrating the structure 
of a patterned MTJ storage element 100 and its intercon- 
nection to Ml and M2 conductive lines. The MTJ 100 in- 
cludes a pinned layer 132, a tunnel barrier layer 134 and a 
free layer 136. Each of these layers 132, 134, and 136 can 
include one or several layers which work together to en- 
hance device performance or manufacturability. The free 
layer 136 is adjoined at first edges 135 of the MTJ by por- 
tions 143 of the free layer material that has been pur- 
posely inactivated. Preferably, the free layer 136 is also 
adjoined by the same type of inactivated material at sec- 
ond edges (not shown) in front of and in back of the MTJ 
100, (the second edges not being visible in the particular 
cross-section shown), such that the MTJ 100 is sur- 
rounded by the same type of purposely inactivated mate- 
rial. The portions 143 of inactivated material extend to 
outer edges 156 of the patterned structure beyond the 
MTJ 100. The pinned layer 132 and tunnel barrier layer 
134 also extend in a substantially horizontal direction to 



areas beyond the first edges 135 and second edges of the 
MTJ 100 to the outer edges 156. 

[0015] The MTJ 100 is disposed at the crossing of Ml and M2 
conductive lines 102, 104. The Ml conductive lines 102 
are parts of a first metallization layer that includes a first 
interlevel dielectric layer (ILD) 110 for electrically isolating 
the Ml lines from each other. The M2 conductive line 104 
is part of a second metallization layer, which includes a 
second interlevel dielectric layer (ILD) 120 that electrically 
isolates respective M2 lines from each other. A conductive 
via 122 is disposed in an interlevel dielectric layer VA ILD 
124 lying between the first and second ILDs 110 and 120, 
the conductive via 122 interconnecting an Ml line 102 to 
the pinned layer 132 of the MTJ 100. Conductive intercon- 
nection between the MTJ 100 and the M2 conductive line 
104 is provided by a conductive member 160 which may 
also serve as a hard mask during processing. 

[0016] Referring to Figure 2, a method of fabricating an MTJ ac- 
cording to a preferred embodiment of the invention will 
now be described. As shown in Figure 2, a layered stack 
140 is provided including the pinned layer 132, a tunnel 
barrier layer 134, and a free layer 136. The pinned layer 
132 typically includes the following layers listed in order, 



from the bottom up: an adhesion layer, typically including 
5 to 10 nm of TaN and/or Ta, a relatively thick antiferro- 
magnet, illustratively including a 20 nm thick layer of 
PtMn or IrMn, and then a ferromagnetic "reference" layer 
or set of layers formed overlying and pinned by the anti- 
ferromagnet. The ferromagnetic reference layer is com- 
prised of films such as CoFe and NiFe, which may be in- 
terspersed with a nonmagnetic coupling layer such as Ru 
or TaN that is used to reduce offsets from demagnetiza- 
tion fields. A representative thickness of the ferromag- 
netic reference layer(s) is 2 to 5 nm. The purpose of the 
antiferromagnet is to fix the ferromagnetic reference 
layer(s) such that they will not switch magnetization di- 
rection during normal operation, thus providing a refer- 
ence against which to compare the free layer magnetiza- 
tion direction (which will be switched). The foregoing lay- 
ers make up the pinned layer of the MTJ. 
[0017] The tunnel barrier layer 134 is formed by deposition of a 
thin dielectric layer onto the pinned layer 132. Typically, 
the tunnel barrier layer 134 is formed of an oxide of alu- 
minum, such as including or similar to Al^, having a 
thickness of about 1 nm. Other materials available for use 
as the tunnel barrier layer 134 include oxides of magne- 



sium, oxides of silicon, nitrides of silicon, and carbides of 
silicon; oxides, nitrides and carbides of other elements, or 
combinations of elements and other materials including or 
formed from semiconducting materials. 

[0018] The free layer 136 is formed by depositing onto the tun- 
nel barrier layer 134 a layer of nickel-iron (NiFe) having a 
thickness of about 5 nm. Thereafter, a conductive barrier 
layer of tantalum nitride (TaN) having a thickness of about 
5 nm is formed by deposition. This TaN layer serves to 
protect the NiFe layer during subsequent processing and 
to provide adhesion for one or more subsequently formed 
layers. Alternatively, NiCoFe, amorphous CoFeB, and simi- 
lar ferromagnets can be used in place of NiFe as the fer- 
romagnetic portion of the free layer. In an alternative em- 
bodiment, the free layer can be formed of more than one 
such ferromagnetic layer to enhance performance or man- 
ufacturability. Multiple layers may be separated by non- 
magnetic layers like TaN or Ru. These layers typically 
range in thickness from 2 to 10 nm. 

[0019] As further shown in Figure 2, a layer 150 of hard mask 
material is formed on the layered stack 140. In the sim- 
plest embodiment, the hard mask 150 is formed from a 
conductive materialsuch as tantalum nitride (TaN) or tita- 



nium nitride (TiN). Alternatively, the hardmask is formed 
from a sacrificial material and can be a dielectric or a con- 
ductor. In such case, after patterning the MTJ, the sacrifi- 
cial material is removed and replaced by a conductor to 
connect the M2 wire (Figure 1) with the free layer of the 
MTJ. The connecting conductor and M2 metallization can 
be formed by standard copper Damascene techniques. 
[0020] Thereafter, as illustrated in Figure 3, the hard mask layer 
150 is patterned (typically, together with the foregoing 
described layer of TaN) to selectively expose portions 142 
of the free layer. The exposed portions 142 of the free 
layer are then converted to electrically and magnetically 
inactive material by chemically and/or physically altering 
the material composition. A variety of processes can be 
utilized to effect such alteration. Referring to Figure 4, 
such processing results in the formation of portions 143 
of inactivated material where the free layer is not pro- 
tected by the hard mask 150. Such portions 143 are made 
magnetically inactive, such that no net moment is present. 
The portions 143 are also made highly resistive, such that 
their effects as a shunt path around the tunnel barrier 134 
can be ignored. 

[0021] As illustrated in Figure 4, some volumetric expansion typ- 



ically occurs when the material of the free layer in por- 
tions 143 is inactivated as a result of oxidation or other 
similar conversion. The oxidation process must be con- 
ducted in a manner so that any such volumetric expansion 
does not cause excessive stress or delamination of one or 
more layers of the structure. In addition, the processing 
method used to inactivate the material in portions 143 
should prevent the inactivated material from being con- 
verted back into a conductive and/or magnetic phase by 
subsequent processing. Moreover, the condition of the 
tunnel barrier layer 134, as well as the portion 144 of the 
free layer protected by the hard mask 150, should not be 
degraded by such subsequent processing, e.g., subse- 
quent high temperature processing. 
[0022] As will now be described, several methods are available to 
effect the conversion of the exposed portions of the free 
layer, although the invention is not limited to any particu- 
lar method. A first method for altering the free layer ma- 
terial involves oxidation by exposure to a plasma. In this 
first method, a plasma which contains oxygen ions is ap- 
plied to the exposed portions of the free layer. Plasma ox- 
idation can be performed with or without accelerating 
oxygen ions in a direction normal to the surface of the 



exposed portions to implant the oxygen ions therein. 
When such plasma implantation is used, any undercut of 
the portion of the tunnel barrier layer 134 and of the free 
layer beneath the hardmask 150 can be made slight, par- 
ticularly when the process is performed at or below room 
temperature. The plasma oxidation can be performed 
whether or not accompanied by directional acceleration 
for implantation, and whether or not performed at a re- 
duced temperature. For more rapid and more thorough 
conversion of the magnetic material, plasma oxidation can 
also be performed at elevated temperatures, as high as 
the integrity of the tunnel junction will allow 
(approximately 300 - 400 °C). 

[0023] Another conversion technique involves exposure to fluo- 
rine and/or nitrogen agents. Other available techniques 
include ion implantation that is not performed in presence 
of a plasma. Anodization is another suitable technique 
wherein wet electrochemistry provides a source of addi- 
tional atoms to chemically alter the exposed portions 142 
of the free layer. Lastly, combinations of any of the above 
methods can be used with increased effectiveness. 

[0024] Patterning of the MTJ by conversion of exposed portions 
142 of the free layer offers the following advantages. Re- 



ferring to Figure 1, edges including first edges 135 and 
second edges (not shown) of the MTJ structure are pre- 
vented from being exposed to ambients during process- 
ing. This reduces the risk of corrosion and resulting 
degradation of the MTJ. A large process window is 
achieved for sufficiently or completely oxidizing the ma- 
terial of the free layer in portions 143, while stopping on 
the tunnel barrier 134 to leave the pinned layer 132 sub- 
stantially unaffected. Oxidation that stops on the tunnel 
barrier 134 reduces offset fields from demagnetization 
contributions from the pinned layer 132. For example, a 
standard etch process will likely penetrate part-way into 
the pinned layer, leaving an unpredictable magnetic field 
emanating from the edge of the pinned layer. When the 
pinned layer of an MTJ makes a demagnetization contri- 
bution, a resultant unbalanced magnetic coupling can 
cause a shift in the hysteresis loop for the MTJ, reducing 
the operating window. By eliminating the demagnetization 
contribution and reducing the loop offset, more uniform 
behavior among MTJ elements can be achieved across a 
chip and across the entire wafer. While it is in principle 
possible to use etch techniques to stop on the tunnel bar- 
rier 134, in practice, this is quite difficult, and the conver- 



sion techniques outlined in this invention provide a much 
larger process window to allow effective stopping on the 
tunnel barrier 134. 
[0025] with continued reference to Figure 1, after free layer con- 
version, the converted regions 143, the tunnel barrier 
layer 134 and the pinned layer 132 are now patterned at 
edges 156 to electrically isolate MTJs from each other. 
This is preferably performed in the following manner. With 
the patterned TiN hardmask material 150 (Figure 4) still in 
place, a dielectric layer 152, e.g. of silicon dioxide or sili- 
con nitride, is deposited over the structure in turn, fol- 
lowed by deposition and patterning of a photoresist ma- 
terial. The dielectric layer 152 is then patterned, followed 
by stripping the photoresist, and the dielectric layer 152 
becomes a hardmask for reactive ion etching (RIE) the lay- 
ers 143, 134, and 132 selectively to the underlying mate- 
rial of VA ILD 124. The dielectric material 152 tends to 
become eroded near the outer edges 156 of the patterned 
structure, accounting for their sloped appearance. There- 
after, the M2 ILD 120 is deposited over the patterned 
structure, and then polished flat and patterned to form a 
trough-shaped opening that exposes the hard mask ma- 
terial 150 (Figure 4). 



[0026] when the hardmask material 150 is a conductive material 
such as TiN, the hard mask material is left in place as the 
conductive member 160 shown in Figure 1. In such case, 
the M2 conductive line 104 is deposited in the opening in 
contact with the hardmask material to complete the struc- 
ture shown in Figure 1. In such structure, the previously 
deposited TiN material 150 is now used to conductively 
interconnect the M2 conductive line 104 to the MTJ 100. 
When the hardmask material 150 is a sacrificial material 
such as a dielectric, the sacrificial material is removed 
from the opening to expose the TaN cover portion of the 
free layer 136. For example, oxygen ashing would be used 
to remove a SiLK dielectric mandrel. A conductive member 
160 is then formed in place of the prior hardmask, as by 
the same metallization process used to form the M2 met- 
allization layer including M2 conductive line 104. 

[0027] Figure 5 provides data to show conclusively that a NiFe 

magnetic free layer is converted to an essentially magnet- 
ically neutral layer by oxidation when conditions suffi- 
ciently oxidize the free layer. The data points graphed in 
Figure 5 are expressed in Kerr signal vs. acceleration volt- 
age for oxygen ions. When light is reflected from the sur- 
face of a magnetized layer, i.e. one having a substantial 



proportion of the dipoles contained in the layer oriented 
in one direction, a change is observed in the polarization 
of the light. The measured change in polarization is a Kerr 
signal. The more strongly the layer is magnetized, the 
stronger the Kerr signal becomes. Figure 5 illustrates that 
when the magnetic free layer is more completely oxidized 
by driving oxygen ions into the free layer at higher accel- 
eration voltage, the Kerr signal drops, and eventually 
reaches zero. This demonstrates the effectiveness of the 
technique in making the free layer become magnetically 
neutral. 

[0028] a corresponding increase in film sheet resistance has 

been observed with increasing oxidation of the NiFe layer. 
Experiments have shown that when the Kerr signal even- 
tually decreases to zero, the resistance of the NiFe layer 
becomes extremely large, such that the oxidized free 
layer does not shunt an appreciable amount of current 
away from the active MTJ. These experiments demonstrate 
that the material of the free layer such as NiFe can be 
converted to a magnetically and electrically inactive form 
by oxidation. 

[0029] According to a preferred embodiment of the invention, 

oxidation by ion implantation is performed using Ar and O 



in an atomic ratio of 10 to 1. Post implantation annealing 
is performed at a temperature ranging between about 150 
to 500 degrees C, preferably between about 250 to 350 
degrees C, and most preferably between 250 and 300 de- 
grees C. Experiments have shown that such annealing 
does not magnetically reactivate the oxidized NiFe. 

[0030] According to preferred embodiments of the invention, the 
addition of cobalt to the alloy used as the free layer en- 
hances the propensity of such layer to be oxidized. 
Cobalt-containing materials such as NiCoFe and CoFeB 
are among such materials available for use as the free 
layer material. The presence of boron in amorphous alloys 
such as the CoFeB leads to formation of a glassy oxidized 
phase having good dielectric properties. 

[0031] Referring to Figure 1, one result of the process according 
an embodiment of the invention is that the edges 135 of 
the MTJ 100 including first edges 135 and second edges 
(not shown) are protected from exposure to an ambient 
during processing. As described in the background, the 
conventional process leaves the edges of the MTJ exposed 
to an ambient during processing, which can result in cor- 
rosion or degradation during subsequent processing. 
Other advantages of the MTJ according to embodiments of 



the invention include protecting the underlying layer (i.e., 
the pinned layer) from being affected by processes such 
as oxidation or partial etching. The fabrication of MTJ 
structures including moisture-sensitive tunnel barriers or 
which use amorphous alloys as the free layer is aided by 
the embodiments of the invention because of the reduced 
exposure to ambients. The MTJ stack may include a tunnel 
barrier layer having a material that is moisture sensitive, 
such as MgO. In such case, patterning of the MTJ by oxi- 
dation rather than by etching protects the tunnel barrier 
layer from exposure to ambients. Protecting such tunnel 
barrier layer can be essential to providing an MTJ having 
good switching characteristics. 

[0032] Finally, processes according to foregoing described em- 
bodiments of the invention are implemented using readily 
available and simple techniques. For that reason, they are 
cost-effective to implement. In addition, processes ac- 
cording to the foregoing described embodiments are eas- 
ily integrated into fabrication processes for MRAMs that 
include storage cells having field effect transistors (FETs) 
to control the MTJs, as well as MRAMs without such tran- 
sistors (in the so-called crosspoint architecture). 

[0033] while the invention has been described in accordance with 



certain preferred embodiments thereof, those skilled in 
the art will understand the many modifications and en- 
hancements which can be made thereto without departing 
from the true scope and spirit of the invention, which is 
limited only by the claims appended below. 



